Background: Energy metabolism in carcinogenesis is poorly understood. It is widely accepted the majority of colorectal cancers (CRCs) arise from adenomatous polyps (APs). We aimed to characterize the bioenergetic alterations in APs and CRCs. Methods: Fifty-six APs, 93 CRCs and adjacent normal mucosae were tested. Oxygen consumption rate (OCR) was measured representing mitochondrial oxidative phosphorylation (OxPhos), and extracellular acidification rate (ECAR)was measured representing glycolysis. Mitochondrial DNA (mtDNA) variants and mutations were studied. Over-expressed metabolic genes in APs were identified by microarray and validated by qRT-PCR, Western blots and immunohistochemistry. Identified genes were knocked down in WiDr and colo205 CRC cell lines, and their expression was analyzed in APs/CRCs with enhanced glycolysis. Findings: ECAR, not OCR, was significantly increased in APs. While no difference of ECAR was found between CRCs and normal mucosae, OCR was significantly reduced in CRCs. OCR/ECAR ratio was decreased in APs over 1 cm, APs with a villous component and CRCs, indicating their glycolytic tendencies. The number of mtDNA mutations was increased in APs and CRCs, but not correlated with metabolic profiles. Two metabolic genes ALDOB and SLC16A4 were up-regulated in APs. Both ALDOB-knockdown and SLC16A4-knockdown CRC cell lines showed increased basal motichondrial OxPhos and decreased basal glycolysis. Moreover, the increase of mitochondrial ATP-linked respiration and the decrease of glycolytic capacity were showed in SLC16A4-knockdown cells. Finally, APs/CRCs with enhanced glycolysis had increased SLC16A4 expression. Interpretation: ATP production shifts from OxPhos to glycolysis in the process of AP enlargement and villous transformation. OxPhos defects are present in CRCs but not in APs. APs and CRCs tend to accumulate mtDNA mutations, but these are not correlated with bioenergetic profiles. Finally, the ALDOB and SLC16A4 may contribute to the glycolytic shift in APs/CRCs.
Introduction
In normal cells under aerobic conditions, energy is mainly generated through mitochondrial oxidative phosphorylation (OxPhos). Over 90 years ago, Otto Warburg discovered that cancer cells secreted more lactate than normal cells under aerobic conditions, indicating their higher glucose usage [1] . Because impaired mitochondrial metabolism and increased glycolysis have been observed in colorectal cancers (CRCs), it has been hypothesized that bioenergetic alterations are involved in CRC carcinogenesis [2] .
The majority of CRCs develop from adenomatous polyps (APs) through the chromosomal instability pathway, named the adenoma-carcinoma sequence [3] . Several genomic changes are involved, including the activation of the KRAS proto-oncogene and the inactivation of at least three tumor suppressor genes, APC, p53 and 18q LOH. Although the genetic alterations have been extensively studied in this process [4] , the bioenergetic alterations are still unclear.
It was initially believed that aerobic glycolysis in cancer cells was caused by damaged mitochondria [5] . The critical initiating events associated with mitochondrial dysfunction include reactive oxygen species (ROS) formation, glutathione depletion and protein alkylation. The ROS can cause mitochondrial DNA (mtDNA) mutation, stimulation of apoptotic pathways and increased propensity for necrosis due to multi-level failure to synthesize ATP [6] . MtDNA mutations have been found in various tumors, and in some cases, the depression of mitochondrial respiratory function is clearly a consequence of disruptive mtDNA mutations [7, 8] . In CRCs, mitochondrial dysfunction has been largely analyzed at the DNA level. By complete genome sequencing, mtDNA mutations have been found in human normal mucosae, APs and CRCs [9] [10] [11] [12] . While approximately one-fifth of the somatic substitutions were detected in rRNA genes, the vast majority of somatic substitutions were observed in protein coding genes. It was speculated that the acquisition of somatic mtDNA mutations disrupt electron transport chain proteins, further inhibiting OxPhos [13] . However, it is still not clear whether mtDNA mutations are associated with the changes of OxPhos and glycolysis in CRCs.
Using ulcerative colitis as a model, Ussakli et al. demonstrated the dynamic changes of mitochondria during tumor progression [14] . They showed that cytochrome c oxidase (COX) activity progressively decreased with proximity to dysplasia and was the lowest in tissue adjacent to dysplasia, but was statistically increased in cancer, suggesting that mitochondrial loss contributes to the development of dysplasia but then mitochondrial function is restored in cancer enabling further cell proliferation. However, questions still remain; it is not clear whether COX activity represents the function of mitochondrial OxPhos. Furthermore, the CRCs arising from ulcerative colitis are mainly in the setting of chronic inflammation, probably not representing the bioenergetic changes in all CRC carcinogenesis pathways.
This study aims to answer the fundamental question of whether bioenergetic changes occur during the adenoma-carcinoma sequence. We found that the cellular ATP production shifted from OxPhos to glycolysis in the process of polyp enlargement and villous transformation. The defects of OxPhos were mainly present in CRCs, but not in APs. APs and CRCs had more mtDNA mutations, but the existence of mutations was not correlated with their metabolic profiles. Using microarray analysis, two metabolic-related genes ALDOB (Aldolase B, Fructose-Bisphosphate) and SLC16A4 (solute carrier family 16 member 4) were found to be upregulated in APs with a villous component and may contribute to the glycolytic shift in APs. The increased expression of ALDOB and SLC16A4 in APs and CRCs suggests they may play a pivotal role in promoting glycolysis.
Material and methods

Patients
The pathologic examination and further functional assays were carried out under informed consents of patients. This study protocol was approved by the Medical Ethics and Human Clinical Trial Committee of the CGMH (IRB NO. 101-0102B). Patients with previous cancer or inflammatory bowel disease history were excluded. Fifty-six APs, 93 CRCs and their adjacent normal mucosae were obtained from patients by either biopsy forceps, polypectomy, endoscopic mucosal resection or surgical resection. Once specimens were obtained, a small piece of tissue was sent for extracellular flux analysis within 2 h. Another small piece of tissue was sent for DNA and RNA analysis. Most of the tissue was fixed in formalin and sent for pathological examination. The clinicopathological data were collected including age, gender, location, size, tumor invasion, regional lymph node involvement and tumor histology.
1109 of patients underwent both fluorine-18-2-fluoro-2-deoxy-Dglucose positron emission tomography and computed tomography (FDG PET/CT) and colonoscopy in a health check-up from Jan 2007 to Dec 2011 were retrospectively reviewed [15] . A total 36 patients had advanced colorectal neoplasm (malignancy, an adenoma ≥ 1 cm, or hsitological evidence of high-grade dysplasia or significant villous component). Six of the 38 neoplasms were also detected by FDG PET/CT. 6 APs and 6 CRCs paraffin embedded blocks were obtained from tissue bank and subjected to immunohistochemical staining.
Extracellular flux analysis
A Seahorse XF analyzer (Seahorse Bioscience, Billerica, MA) was employed to simultaneously measure the oxygen consumption rates (OCR; representing the function of mitochondrial OxPhos) and extracellular acidification rates (ECAR; representing the function of glycolysis) of tissues over time. OCR and ECAR were reported as absolute rates normalized against measured protein (mMol/min/mg for OCR and milli pH (mpH)/min/mg for ECAR). The metabolic profile of tissues was measured using a Seahorse XF24 analyzer (Seahorse Bioscience) according to the manufacturer's instructions and as previously described [16] [17] [18] . Briefly, freshly isolated tissue was rinsed with the assay medium (unbuffered Dulbecco's modified Eagle medium (pH 7.4)) and kept on ice. The tissue was cut into 1 mm slices by hand, and equal amount of specimens were placed in each well of an XF 24 Islet Capture Microplate (Cat No. 101174-100, Seahorse Bioscience). The tissue was then covered with an islet capture screen, which allowed free perfusion while minimizing the tissue movement. Assay medium (500 μl) was
Research in context Evidence before this study
The mitochondrial DNA (mtDNA) mutations and bioenergetic alterations from oxidative phosphorylation (OxPhos) to aerobic glycolysis have both been observed in colorectal cancers (CRCs). It was speculated that mtDNA mutations disrupt electron transport chain proteins, further inhibiting OxPhos and enhancing glycolysis, however, whether mtDNA mutations are associated with the bioenergetic changes in human adenomatous polyps (APs) and CRCs is not clear. Moreover, it has been demonstrated that dynamic bioenergetic changes occur in cancer progression in an ulcerative colitis model. However, no previous study has assessed the bioenergetic alterations in the human adenoma-carcinoma sequence.
Added value of this study
This study demonstrates that mtDNA mutations accumulate in APs and CRCs, but are not associated with their bioenergetics profiles. The OxPhos defects are present in CRCs but not in APs. In APs, ATP production shifts from OxPhos to glycolysis in the process of polyp enlargement and villous transformation. The overexpression of ALDOB and SLC16A4 may contribute to the glycolytic shift in APs/CRCs.
Implications of all the available evidence
The bioenergetic shift from OxPhos to glycolysis occurs during the process of the adenoma-carcinoma sequence, possibly through the enhancement of ALDOB and SLC16A4. The OxPhos defects mainly occur in CRCs. mtDNA mutations accumulate during the adenoma-carcinoma sequence, but these mutations are seemingly not associated with the bioenergetic changes. then added to each well. The microplate was incubated at 37°C in a non-CO 2 incubator for 30 min. The Seahorse XF24-3 analyzer was then employed to simultaneously measure OCR and ECAR. During the measurement, tissue was not pushed by the sensor. At least three replicates from each tissue were used for the assays. The specimen was transferred from the colonoscopy suite or operation theather to the seahorse platform within two hours.
To test the effects of ALDOB and SLC16A4 gene expression on bioenergetic changes, WiDr and colo205 cells with knockdown of ALDOB or SLC16A4 were further established, respectively. The control and ALDOB-or SLC16A4-inhibited cells were seeded into 24 wells of a XF 24-cell culture microplate at a density of 7 × 10 4 or 5 × 10 4 cells/well and incubated in a 5% CO 2 /air atmosphere at 37°C for 24 h. OCR and ECAR were then measured under basal conditions. The Mito Stress test Kit (Seahorse Bioscience, Billerica, MA) was used to reveal key parameters of the metabolic function of ALDOB-and SLC16A4-inhibited cells. OCR was measured under basal conditions and in the presence of the ATP synthase inhibitor oligomycin (1 μM), the mitochondrial uncoupler carbonyl cyanide-4-(trifluoromethoxy) phenyl-hydrazone (FCCP; mitochondrial respiration uncoupler, 0.5 μM), and the respiratory chain inhibitor antimycin A (0.5 μM).
The Glycolysis Stress test Kit (Seahorse Bioscience, Billerica, MA) was used to measure ECAR under various conditions. Three baseline recordings were made, followed by sequential injection of glucose (10mM), the ATP synthase inhibitor oligomycin (1μM) and the glycolysis inhibitor 2-deoxy-D-glucose (2-DG; 100 mM). The assays were performed in at least three replicates. All values for OCR and ECAR in cells and tissues were normalized to the protein content of the individual wells.
The protein measurement of tested tissues/cells
After Seahorse analyzer analysis, screen was removed. Aspirate off the media and wash wells with PBS. Samples were lysed in RIPA buffer with protease inhibitors. The lysate was sonicated on ice and incubated 30 min at 4°C. After 30 min, the lysate was centrifuged at 12000 rpm for 30 min at 4°C. The protein concentration was determined by Bradford protein assay.
mtDNA sequencing
The histology of tissues obtained directly from normal mucosae, APs and CRCs were confirmed by frozen section examination and 1mm 3 piece of tissues were sent for mtDNA sequencing. From each tissue, the entire mitochondrial genome was obtained in a two-round amplification method as previously described [9] . The products of polymerase chain reaction (PCR) were sequenced by using BigDye version 3.1 Terminator cycle sequencing chemistries on an ABI-Prism 3100 Genetic Analyzer (Applied Biosystems, Foster City, CA) and compared directly with the revised Cambridge reference sequence (rCRS) by using 4Peaks software (Mekentosj BV, Aalsmeer, The Netherlands).
RNA extraction, microarray analysis, and real-time Q-PCR
Total RNA was isolated with TRIzol reagent (Invitrogen, Carlsbad, CA). Gene expression profiles of the human APs and adjacent normal mucosae were analyzed with a human gene 2.0 array (Affymetrix, Santa Clara, CA), as previously described [19] . For real-time Q-PCR, first strand cDNA was synthesized with an oligo-T primer using superscript III first strand synthesis kit (Invitrogen, Carlsbad, CA). Gene expression of ALDOB, SLC16A4 and GAPDH mRNA were analyzed with the TaqMan® GENE expression assay (Applied Biosystems, Foster City, CA).
Protein extraction and Western blot assay
The tissues were homogenized and lysed in ice-cold RIPA lysis buffer (150 mM NaCl, 1.0% NP-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate, 50 mM Tris [pH 7.5], 1 mM PMSF, 10 μg/ml Leupeptin). The lysates were separated by centrifugation and the supernatants were collected, aliquoted, and stored until analyzed by Western blot. 20 μg of total protein per lane were separated by a 10% SDS-PAGE gel and then transferred to a polyvinylidene fluoride membrane. The membrane was blocked by 5% FBS in 1× Tris-Buffered Saline with 0.1% Tween-20 and then incubated with an anti-ALDOB antibody (dilution 1:1000, Abcam, Cambridge, MA, USA), a anti-SLC16A4 antibody (1:1000 Abcam) and a anti-GAPDH antibody (1:15000, Proteintech, Chicago, IL, USA). The membrane was then incubated with diluted horseradish peroxidase-linked anti-rabbit IgG (1:5000, Cell Signaling Technology, Boston, MA, USA) for 1 h at room temperature. The membranes were washed for 5 min (3×) between each step. The proteinantibody complexes were detected by the chemiluminescent substrate (Cell Signaling), the emitted light captured on an X-ray film, and the intensities of bands were semi-quantified by ImageJ software.
Immunohistochemistry
Paraffin embedded sections (4 μm thick) were treated for immunohistochemistry as previously described [20] . Primary antibodies anti-ALDOB (1:500 Abcam) and anti-SLC16A4 (1:100, Abcam) were applied for 1 h at room temperature in a humid chamber. Sections were washed three times and then incubated for 40 min at room temperature with appropriate secondary antibodies conjugated to biotin. After washing, sections were incubated for 40 min with a tertiary layer of streptavidin-horseradish peroxidase (1:500, Dako). Peroxidase activity was revealed using 4 mmol/L 3,3-diaminobenzidine as a chromogen in PBS containing 0.2% hydrogen peroxide. Sections were counterstained with hematoxylin, dehydrated through ascending alcohols, cleared in xylene and mounted in mounting medium.
Establishment of ALDOB-inhibited and SLC16A4-inhibited cell lines
The clones (TRCN0000052508 and TRCN0000038444) of shRNA targeting ALDOB and SLC16A4 were purchased from the National RNA Interference Core Facility (Institute of Molecular Biology, Academia Sinica, Taiwan). Single shRNA plasmids and virus package plasmids (pCMV-△R8.91 and pMD.G) were co-transfected into 293FT cells and the cells were harvested after 72 h of transfection. A pool of stably infected cells was selected in medium containing puromycin.
Evaluation of the immunohistochemical staining
Expression of ALDOB and SLC16A4 were evaluated with a three-tiered system for the intensity: 1 + (weak), 2+ (moderate), 3+ (strong). Weak, moderate and strong staining was indicated when the staining was clearly visible at x400, x200 and x100 magnification respectively. The stained sections were examined separately by two experienced pathologists who were blinded to the clinical information. If there was a discrepancy in the interpretation, a consensus was reached between the two pathologists by reviewing the slides together. 
Statistics
Data are expressed as mean ± standard error of the mean (SEM). Paired t-test, or unpaired t-test were used, with p b .05 considered statistically significant. Results are presented as means ± SD of three independent experiments.
Results
The clinicopathological factors associated with OxPhos and glycolysis in normal colonic mucosa, AP and CRC
The OCR and the ECAR of colonic APs and adjacent normal mucosae were measured and correlated with clinicopathological features (Table 1 ). In normal mucosae obtained from patients with APs, OCR was not associated with clinicopathological factors including age, gender, AP location, size and histological type. Similarly, no differences of ECAR were found with most factors except location. The ECAR of the right colonic normal mucosae adjacent to APs was significantly higher than the left colonic normal mucosae adjacent to APs (481.91 ± 63.31 vs 343.86 ± 26.71 mpH/min/mg, P = .027; unpaired t-test). This finding was also observed in normal mucosae obtained from patients with CRCs (Table 2 ). The ECAR of the normal mucosae adjacent to CRCs was significantly higher in the right colon compared to the left colon (584.46 ± 50.54 vs. 450.98 ± 27.44 mpH/min/mg, P = .013; unpaired t-test), while no significant difference of OCR and ECAR was observed with other clinicopathological factors (age, gender, CEA level, location, tumor size, T stage, lymph node metastasis and differentiation). However, significant differences in both OCR and ECAR were found between normal mucosae adjacent to APs and normal mucosae adjacent to CRCs (Supplementary Table 1 ). The normal mucosae from CRC patients had a higher OCR (3725.15 ± 164.17 vs. 3001.73 ± 252.63 mMol/min/mg, P = .013, unpaired t-test) and ECAR (494.04 ± 25.41 vs 373.44 ± 25.86 mpH/min/mg, P = .002, unpaired t-test) compared to mucosae adjacent to APs, indicating their demand for higher energy.
In APs, the OCR and ECAR were significantly different between tubular and tubulo-villous/villous APs (Table 1) . APs with a villous component had a higher OCR (3453.25 ± 336.37 vs. 2354.36 ± 246.39 
410.78 ± 55.20 mpH/min/mg, P = .034; unpaired t-test) compared to tubular APs. Moreover, the APs with a size ≥10 mm had a higher ECAR (552.56 ± 40.39 vs 298.87 ± 109.62mpH/min/mg, P = .044; unpaired t-test) and lower OCR/ECAR ratio (6.05 ± 0.37 vs 10.59 ± 3.34, P = .004; unpaired t-test), indicating that large APs tend to use glycolysis for ATP production.
In CRCs, most clinicopathological factors were not associated with OCR and ECAR except T stage (Table 2) . ECAR was significantly higher in T1 and T2 stage tumors compared with T3 and T4 stages (624.18 ± 43.11 vs 503.51 ± 25.07 mpH/min/mg, P = .025; unpaired t-test). Surprisingly, there were no significant differences of OCR and ECAR between APs and CRCs (Supplementary Table 1 ), suggesting that APs and CRCs have the similar bioenergetic profiles and demands for energy.
The changes of OxPhos and glycolysis in APs and CRCs
The OCR, ECAR and OCR/ECAR ratio were compared between APs/ CRCs and adjacent normal mucosae (Fig. 1) . While there was no difference in OCR between APs and adjacent normal mucosae (P = .762; paired t-test), the ECAR was significantly higher in APs (P = .001; paired t-test). Moreover, the OCR/ECAR ratio was decreased in APs (P = .001; paired t-test) compared to the adjacent normal mucosae. These results suggest that APs have the same level of OxPhos as the adjacent normal mucosae, but tend to produce more ATP by glycolysis.
In CRCs, the OCR was significantly decreased compared to the adjacent normal mucosae (P b .001; paired t-test). While the OCR/ECAR ratio was significantly decreased in CRCs (P b .001; paired t-test), there was no significant change of ECAR between CRCs and normal mucosae (P = .121; paired t-test). These results suggest that the CRCs have defects in OxPhos, and therefore ATP production by CRCs mainly depends on glycolysis.
The changes of OxPhos and glycolysis in relation to AP/CRC size, histology and stage
Large APs and APs with a villous component have been shown to have a higher burden of genetic mutations and a greater malignant potential [3, [21] [22] [23] [24] [25] , however, their association with bioenergetic changes are unknown. In order to answer this question, the analysis of OCR, ECAR and OCR/ECAR ratio based on AP size (b1 cm, 1 to 2 cm, and ≥ 2 cm) and histology (tubular, tubulo-villous, and villous) was performed (Fig. 2) . Compared to the adjacent normal mucosae, there were no significant changes of OCR in APs of different size and histology (Figure2a and 2b) . However, the levels of ECAR were significantly increased in APs of a size ≥1 cm (Fig. 2c) and APs with a villous component (Fig. 2d) . The OCR/ECAR ratio was also significantly decreased in APs ≥ 1 cm (Fig. 2e) and APs with a villous component (Fig. 2f) . These results suggest that the increase in glycolysis occurs mainly in large APs and APs with a villous component.
In contrast, the changes of OCR, ECAR and OCR/ECAR ratio observed in CRCs were not associated with either their size ( Supplementary  Fig. 1 ), histology ( Supplementary Fig. 2 ) or T stage ( Supplementary  Fig. 3 ). These results suggest that the defects in OxPhos in CRCs may occur early in tumor progression. 
The association between bioenergetic changes and variants/mutations in mitochondrial DNA
MtDNA variants and mutations are commonly detected in CRCs and APs. It has been hypothesized that the mtDNA variants and mutations may cause the defects in OxPhos. To test this hypothesis, the whole mtDNA genome of 18 APs, 33 CRCs and their adjacent normal mucosae were sequenced using the Sanger method. Because it is difficult to identify all heteroplasmic mtDNA mutations by the Sanger method, only homoplasmic mtDNA variants and mutations were recorded. The number of non-coding variants, synonymous coding variants and nonsynonymous coding variants, total variants and the existence of homoplasmic mtDNA mutations in APs, CRCs and their adjacent normal mucosae were analyzed (APs: Supplementary Table 2 ; CRCs: Supplementary Table 3 ). The analysis showed that the number and location of mtDNA variants were the same in APs/CRCs and their adjacent normal mucosae from the same patient. However, homoplasmic mtDNA mutations occurred more frequently in APs/CRCs than in the adjacent normal mucosae. In patients with APs, 10 of 18 APs (55.6%) had homoplasmic mtDNA mutations, while only 3 of the 18 adjacent normal mucosae (16.7%) contained homoplasmic mtDNA mutations. In 33 CRCs, 8 tumors had homoplasmic mtDNA mutations (24.2%) while only 3 adjacent normal mucosae (9.1%) contained homoplasmic mtDNA mutations.
Correlations of the number of mtDNA variants and the existence of homoplasmic mtDNA mutations with their bioenergetic profiles were further analyzed. The results showed that the number of mtDNA variants and the existence of homoplasmic mtDNA mutations were not correlated with OCR, ECAR and OCR/ECAR ratio in APs and CRCs (Fig. 3) . Similar results were obtained in the adjacent normal mucosae (Supplementary Fig. 4) , suggesting that mtDNA variants and homoplasmic mtDNA mutations within APs, CRCs and the adjacent normal mucosae may not be the major cause of bioenergetic changes. 
The expression of ALDOB and SLC16A4 may contribute to the increased glycolysis in APs with a villous component
To understand the mechanism of increased glycolysis in APs with a villous component, microarrays were used to analyze differentially expressed genes between the mRNA of 5 APs with a villous component and the adjacent normal mucosae (Fig. 4a) . Two metabolic genes, ALDOB and SLC16A4, were up-regulated in APs. This result was further confirmed by real-time PCR showing that the expression of both ALDOB and SLC16A4 mRNA was higher in the APs with a villous component compared with their adjacent normal mucosae (Fig. 4b) . To measure their protein expression level in APs, Western blot analysis of ALDOB and SLC16A4 was performed (Fig. 4c, Fig. 4d , and Supplementary Fig. 5 ). Compared to normal mucosae, the level of ALDOB was significantly increased in tubular, tubulo-villous and villous APs (Fig. 4c) . The level of SLC16A4 was significantly increased in tubulo-villous and villous APs, but not in tubular APs (Fig. 4d) . Immunohistochemistry showed that both ALDOB and SLC16A4 were expressed in villous APs and their adjacent normal mucosae, but the intensity of ALDOB and SLC16A4 immunostaining in APs was greater (Fig. 4e and f) .
To assess whether ALDOB and SLC16A4 contribute to the bioenergetic changes, the ALDOB and SLC16A4 genes were knocked down in the WiDr and colo205 CRC cell lines separately. The reduced expression of ALDOB and SLC16A4 in the knockdown cell lines was confirmed by qRT-PCR analysis (Fig. 5a & 5d) . The mitochondrial OxPhos (Fig. 5b &  5e ) and glycolytic activities (Fig. 5c & 5f ) of ALDOB-knockdown, SLC16A4-knockdown and control Colo205 and WiDr cell lines were further tested. Both Colo205 and WiDr ALDOB-knockdown cell lines had an increased basal OCR compared to control cell line, but only the Colo205 ALDOB-knockdown cell line had elevated ATP-linked respiration (Fig. 5b) . Moreover, both Colo205 and WiDrALDOB-knockdown cell lines showed a significant decrease in glycolysis (Fig. 5c) . Thus, the functions of ALDOB are associated with basal motichondrial OxPhos and basal glycolysis. The mitochondrial respiration assay and glycolytic function assays were also performed on Colo205 and WiDr SLC16A4-knockdown cell lines. The results showed that basal OCR and ATP-linked respiration were elevated in both Colo205 and WiDr SLC16A4-knockdown cell lines (Fig. 5e) . Moreover, the most significant elevation of maximal respiration was observed in the WiDr SLC16A4-knockdown cell line (Fig. 5e) . In the glycolytic function assay, both Colo205 and WiDr SLC16A4-knockdown cell lines showed decreased glycolysis and glycolytic capacity (Fig. 5f) . Thus, the functions of SLC16A4 were associated with mitochondrial respiration, basal glycolysis and glycolytic capacity. Overall, these results showed that both ALDOB and SLC16A4 might play an important role in CRC energy metabolism.
The FDG PET/CT-positive APs and CRCs have increased SLC16A4 expression
FDG PET/CT is a molecular imaging technology for detecting tumor tissues with increased glycolytic activity. FDG PET/CT positive APs and CRCs have been considered to have a high glycolytic phenotype [26] . To test whether these high glycolytic activity tissues were associated with increased ALDOB and SLC16A4 expression, we further collected tissue from 5 FDG PET/CT positive APs/CRCs (AP, 1; CRCs, 4) and 7 negative APs/CRCs (APs, 5; CRCs, 2). Immunohistochemistry for ALDOB and SLC16A4 was performed (Fig. 6a & 6b) , and the staining intensities were scored by independent pathologists (Fig. 6c & 6d) . The PET/CT positive group had significantly increased SCL16A4 expression over the negative group (unpaired t-test, P = .022, Fig. 6c ), but no difference was seen in ALDOB immunostaining (unpaired t-test, P = .172, Fig. 6c) . However, the sum of both staining intensities of same tissues showed that the FDG PET/CT-positive tissues had significantly higher scores than the negative tissues (unpaired t-test, P = .009, Fig. 6d ). These results suggest that the FDG PET/CT-positive AP/CRCs may have increased SLC16A4 expression. 
Discussion
Aerobic glycolysis, the Warburg effect, has been recognized as a metabolic hallmark of cancer cells. Most CRCs develop from APs through the adenoma-carcinoma sequence. However, the bioenergetic changes during this process are unclear. Ong et al. previously found a depletion of glucose and inositol in APs, suggesting that glycolysis may be critical in early carcinogenesis [27] . Our study further demonstrated that aerobic glycolysis occurs in APs by directly measuring OCR and ECAR. Glycolysis was significantly increased in large APs (size ≥1 cm) and APs with a villous component, suggesting the shift to the Warburg effect appears to commence during AP enlargement and villous transformation.
Mitochondrial dysfunction has been suspected to participate in carcinogenesis [28] . Using ulcerative colitis as a model to study CRC progression, Ussakli et al. showed that the activity of mitochondrial COX progressively decreased with proximity to dysplasia and was the lowest in the mucosa adjacent to dysplasia and in dysplastic mucosa itself, suggesting that mitochondrial loss is associated with the development of dysplasia [14] . Interestingly, COX activity was significantly increased in cancers, indicating that mitochondria function is restored and needed for malignant cells. However, here we show that mitochondrial OxPhos was not altered in APs but was significantly decreased in CRCs, suggesting that mitochondrial dysfunction mainly occurs in cancers. This discrepancy may be due to the different mechanisms of CRC development. Sporadic CRCs are not likely to be initiated by inflammation because most intramural immune cells are recruited after the tumor is formed, but colitis-associated CRCs are often caused by constant inflammation [29] . High levels of ROS are generated by chronic inflammation in patients with inflammatory bowel disease [30] [31] [32] . ROS are thought to not only contribute to the development of dysplastic lesions [33, 34] , but also lead to a reduction of ATP, inhibition of the respiratory chain and mtDNA mutation [35] . Moreover, both sporadic CRCs and colitis-associated CRCs have genetic alterations in the process of carcinogenesis, but the frequency and sequence of these events differs. While defects of p53 commonly occur as early events in colitisassociated CRCs, p53 mutations often occur in later stages of sporadic CRCs [4] . Since p53 defects can impair mitochondrial function at both the DNA and protein level [36, 37] , it is reasonable to speculate that the early events of mitochondrial dysfunction in colitis-associated dysplasia and the late events of Oxphos defects in sporadic CRCs are linked to p53 mutations. However, further study is needed on this point.
MtDNA mutations have been found in human normal mucosae, APs and CRCs [9] [10] [11] [12] 38] . In our study, we further show that the mtDNA mutations occur more frequently in APs/CRCs than in their adjacent normal mucosae, indicating mtDNA mutations arise during the adenomacarcinoma sequence. Defects of OxPhos can result from specific mtDNA mutations in human mitochondrial diseases [39] , however, whether mtDNA mutations acquired during the carcinogenesis process can cause OxPhos defects is unclear. Defects of OxPhos not directly related to genome damage, e.g., due to insufficient respiration and ROS production, may also occur [40] . Our results show that both OxPhos and glycolysis are not affected by the number of mtDNA variants and the existence of mtDNA mutations, indicating these variants and mutations are not the major cause of the bioenergetic changes in APs and CRCs.
Two metabolic genes, ALDOB and SLC16A4, were over-expressed in APs with a villous component. Moreover, the over-expression of SLC16A4 was shown in FDG PET/CT-positive APs/CRCs, indicating its possible active role in enhancing glycolysis. Aldolase is an important enzyme for glucose and fructose metabolism. In human tissues, three aldolase isoenzymes are expressed in a tissue-dependent manner, and ALDOB is mainly expressed in the liver, kidney and intestine. Besides its metabolic function, aldolase has been considered to participate in carcinogenesis [41] . In lung cancer, aldolase has been shown to promote epithelial-to-mesenchymal transition and cell migration by simultaneously decreasing β-catenin and E-cadherin expression while increasing vimentin and fibronectin expression [42] . Moreover, it has been shown that the Wnt signaling pathway can be activated by aldolase through disrupting the GSK-3β-Axin interaction and targeting Axin to the dishevelled-induced signalosomes [43] . Unlike ALDOB, the SCL16-encoded proteins are monocarboxylate transporters (MCT) catalysing the proton-linked transport of monocarboxylates such as L-lactate, pyruvate and ketone bodies across the plasma membrane [44] . MCT1, MCT4 and MCT5 are expressed in human intestine [45] , while MCT1 and MCT4 contribute to the growth and angiogenesis of CRCs [46, 47] . However, the role of MCT5 (encoded by SLC16A4 gene) is not clear. Whether ALDOB and SLC16A4 contribute directly to sporadic CRC carcinogenesis is not answered in this study, nevertheless we show increased expression of ALDOB and SLC16A4 in APs with a villous component, and their expression could alter both mitochondrial OxPhos and glycolytic activity. This is the first report of directly measurement of OCR and ECAR of human APs and CRCs by Seahorse XF analyzer with Islet microplate. Previous studies [16] [17] [18] had been demonstrated that muscles and adipose tissue can be directly analyzed using the same method. Because of the 1422 μm height of microchamber of Islet microplate, the tiny tissue could be tested in the Seahorse platform.
The limitation of this study is the cross-sectional design. Ideally, the measurement of OCR and ECAR should be evaluated in prospective studies so that longitudinal information about the progression status of the APs is available. A longitudinal study would allow us to determine whether the APs with increased glycolysis are more prone to develop cancer sooner. However, it is impractical to do this as once discovered, APs are immediately removed. Another limitation of the study is the lack of genetic mutation analysis. Since the accumulation of genetic mutations underlies the adenoma-carcinoma sequence, it is reasonable to speculate that the glycolytic shift occurring in APs may correlate with these genetic alterations; further studies will be performed to clarify this aspect. Indeed, it is not clear from this study whether the metabolic shifting from mitochondrial OxPhos to glycolysis is the cause or the result of CRCs. Nevertheless, we found that ALDOB and SLC16A4 were over-expressed in APs/CRCs. Moreover, the Mito Stress and Glycolysis Stress assays performed with ALDOB-inhibited or SLC16A4-inhibited cell lines showed that ALDOB and SLC16A4 could affect CRC cell mitochondrial OxPhos, basal glycolysis and glycolytic capacities. These results suggest that these two proteins may contribute to the glycolytic shift in APs, and thus may be considered as potential targets for blocking the carcinogenesis process.
In conclusion, this study demonstrated that a shift towards glycolysis occurs with AP enlargement and villous transformation. Mitochondrial OxPhos defects are mainly associated with CRCs. While mtDNA mutations can accumulate during the carcinogenesis process, these mutations may not be the major cause of bioenergetic changes. Finally, ALDOB and SLC16A4 may contribute to the increase of glycolysis seen in APs, indicating their potential roles in bioenergetic alterations during adenoma-carcinoma progression.
Supplementary data to this article can be found online at https://doi. org/10.1016/j.ebiom.2019.05.031.
